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Design of In,Ga,_,As buffer layers for epitaxial growth
of high-quality Ing3Gag 7As films on GaAs substrates

Pingping Wu,? Fangliang Gao,” Kelvin H. L. Zhang® and Guogiang Li*?

A phase field model is developed to simulate Ing3Gag;As thin films grown on an GaAs substrate with
different buffer layer structures. Using this newly developed phase field model, an optimal step graded
In,Gay _,As buffer layer structure with four sub-layers of x = 0.09, 0.18, 0.27, and 0.33 is then proposed for
epitaxial growth of high-quality Ing3Gag;As film on GaAs substrate. The strain distribution analysis by
using the phase field model reveals that the compressive strain in this optimal heterostructure is partially
balanced by the tensile strain caused by the uppermost two layers of Ing3Gag;As grown on top of
Ing.33Gage7As, which results in high-quality Ing3Gag,As film. The subsequent epitaxial growth of
Ing.3Gag 7As films on GaAs substrates demonstrates that the surface RMS roughness and the full width at
half maximum of X-ray rocking curve of as-grown Ing 3Gag ;As film with the optimal buffer layer structure
are as low as 0.56 nm and 116"/, respectively, indicating very high film quality. These experimental results
confirm the high effectiveness of the proposed approach to design buffer layer structure using our newly
developed phase field model. This phase field model should be able to extend to hetero-epitaxial growth
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Introduction

Recently, multi-junction solar cells have attracted much
interest because of their high efficiency which drives rapid
growing market demand with many potential applications.
The efficiencies can reach higher than 40% by triple-junction
solar cell approaches.'™ The theoretical prediction shows that
the addition of a 1 eV junction as a bottom junction is effective
to increase the triple-junction solar cell efficiency.>®
Iny3Gay,As can be used for a 1 €V junction,” but it has a
relatively large lattice misfit strain (~2%) on a GaAs
substrate.>® Such a large misfit strain will induce non-ideal
epitaxial growth because the alloy layer relaxes by introduction
of high dislocation density or the formation of three
dimensional islands."®"!

In order to minimize the density of threading dislocations
caused by the strain relaxation and provide a high quality layer
with a new lattice constant for the rest of the sub-cells to be
grown on, a very frequently used relaxation technology in solar
cells is the compositional step graded buffer layer. The buffer
structure introduces graded interfaces for the edge disloca-
tions lying in the interface plane with the Burger’s vector in the
x-y direction."® To relax the misfit strain in the Iny;Gag,As
thin film on the GaAs substrate, a widely studied composi-
tional buffer layer system is the step graded In,Ga;_,As
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of other material systems apart from InGaAs.

structures where x gradually increases from 0 (GaAs) to 0.3
(Ine 3Gay 7As).">'® However, fundamentally understanding the
physical mechanism in the buffer layers requires the strain
distribution in the step graded multi-layers and its influence
on the surface roughness. Thus the optimized structures for
buffer layers can be predicted based on theory studies.

The mesoscopic simulations can predict the structures and
inner structures of material with strain distribution, which can
be directly compared with experimental works. In the last
decade, phase field method proved to be a powerful tool to
simulate self-assembled quantum dots/thin film structures.
Wang et al. firstly employed the phase-field model on the
surface instability problems."” Seol and co-workers studied the
shape of the quantum dot structures in Ge/Si systems,"® Ni
et al. discussed the morphologies of the heteroepitaxial films
with elastic anisotropy,'® Takaki et al. studied the interface
energy effect on the shape of the quantum dots.?° In this work,
we have developed a phase field model for epitaxial growth of
In,Ga; _,As (x = 0-0.3) films on GaAs. The purpose of this work
is to determine an optimal buffer layer structure for
Iny 3Gap ;As grown on GaAs based on this newly developed
model. The strain distribution and the root-mean-square
(RMS) roughness of the thin film surface are studied by the
addition of four different artificially designed buffer layer
structures, and hence the optimal buffer layer structure has
been revealed. We have also grown In,;Gag;As/In,Ga,_,As
buffer layer/GaAs heterostructures using these four artificially
designed buffer layer structures, which confirm that the

optimal buffer layer structure is effective to improve
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Iny 3Gay 7As film’s quality. Obviously, the simulation results
help us to better understand the intrinsic mechanism of the
strain relaxation by the multi-layered thin film structures and
improve the thin film quality of In,3Ga,,As grown on GaAs
with optimized design of the composition graded buffer layers.

Simulation method

In order to describe the In,Ga;_,As thin film grown on the
GaAs(001) substrate, in phase field model, we introduced three
conserved order parameters 74, 7, and 73 to describe the
volume fractions of gas, thin film and substrate phases
respectively. The total volume fraction of the system is fixed,

mtntn=1 (1)

The interface between order parameters 7; and 7, is denoted
as 7. In the present study, the total free energy is the sum of
chemical energy, interface energy and elastic energy

Fiot = Fehem + Finter T Felas (2)

The Landau-type coarse-grained bulk chemical free energy
is

Fchcm J - [(Ulﬂﬁré + 60137[%7[% + (1)231’]%11%} dv (3)

where i, i3, w,; are the heights of the double well
potential, and v is the total volume of the system. The
interfacial energy between the order parameters in the system
can be written as,

Finger = J — [0,V Viny 013V Vs + 03,V Vi dv (4)
where o,, o413, %3 are the gradient energy coefficients. The

elastic energy of the thin film at a given strain state is
calculated by employing Khachaturyan’s microelastic theory,*!

1
Fetas = §J [Cijk/ (Eu - Eg) (er— 821)] dv (5)
where Cjj, is the second order elastic tensor, the ¢; is the total

strain in the microelastic theory, and ¢;° is the eigenstrain of
the material, where

3 0,
0 0.1,
&= 2 :,;:1 Mpeij (6)

For a homogeneous system, the eigenstrain can be written
as

3 0,1

0 S,

0jj = Cija (er1 — €7) = €ijiet | &1 — M (7
p=1"7
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The mechanical equilibrium condition gives
doy Otk 3 o, 0np
) DN ®)
or; (’31’,- p=1 6r,

where r is the Cartesian coordinates. Following Khachaturyan,
the total strain can be divided in to two parts, the
homogeneous part and heterogeneous part, i.e.

& = 51] + 58y (9)

where the homogeneous strain &; is set as the average
macrostrain in the system, and the heterogeneous part Je;
satisfies

J (58,‘/d\)=0 (10)

According to elastic equilibrium equations, the heteroge-
neous part can be written as the derivation of the displace-
ment with respect to the coordinates,

. 1 6uk (‘5141
oep == |=— 11
) L?r, ary (a
Substitute (9) and (11) into (8), then we have
azuk 3 0,17 (7'1 4
C — § lp P 12
ok Orjory p=1"Yor; (12)
where,
0. 0,
3" =Cijraeyy” (13)

Eqn (12) can be solved in the Fourier space, applying the
Fourier transforms to both sides of the differential equation

where i* = —1, g is the reciprocal lattice vector in the Fourier
space, g; is the i™ component of g, where

(14)

V= Jukefig"dv (15)
{n, }g= 4[111)e’ig"'dv (16)
Gy'=Ciugig (17)

The displacement in the reciprocal space v; can be solved
by eqn (14), and the displacement in real space u; can be
received by reverse Fourier transformation, thus the total
strain can be calculated from (9) and (11). Substituting the
total strain into (5), we obtained the elastic energy of the
system. The final total free energy is calculated as the sum of
the elastic energy, chemical energy and the interface energy by

This journal is © The Royal Society of Chemistry 2013
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Table 1 Lattice constant, elastic constant, and the misfit strain to GaAs substrate for In,Ga;_,As thin film employed in the simulation

Material Lattice constant (A) C11 (10" dyn em™?) C1, (10" dyn em™?) Cas (10" dyn em™?) Misfit (%)
GaAs 5.6419 11.879 5.376 5.94 0%
InAs 6.0583 8.319 4.526 3.95 7.38%
TNg.0sGag,.01AS 5.67812 11.601 5.30255 5.79023 0.57%
Ing ;Gag oAS 5.68354 11.523 5.291 5.741 0.74%
INg15Gag s5AS 5.70436 11.345 5.2485 5.6415 1.11%
Tng.15Gag, 5,AS 5.71527 11.256 5.2275 5.5917 1.29%
Ing ,Gag sAS 5.72518 11.167 5.206 5.542 1.48%
TNg.»5Gag 75AS 5.74876 11.008 5.14375 5.4225 1.86%
g 5Gag -AS 5.76682 10.811 5121 5.343 2.21%
Ing 3Gy ¢,AS 5.79386 10.615 5.096 5.215 2.56%

eqn (2). For a conserved system, the temporal evolution of the
In,Ga;—,As thin film surface morphology grown on the GaAs
substrate is governed by nonlinear Cahn-Hilliard equations.

% _ | pgy (2
ot on,

where M is the dynamic coefficient, ¢ is time, and the semi-
implicit Fourier-spectral method is employed to solve eqn
(18).>

(18)

Results and discussion

In the simulations, the chemical energy parameters were
chosen to be wy, = w13 = wy3 = 1.0, the surface energies and
interfacial energy are oy, = o3 = 0.5 N m ™, and 0,53 = 0.26 N
m~ .>*?** The lattice constants, mismatch strain, and elastic
constants for GaAs, InAs and In,Ga, _.As with various x values
are listed in Table 1,>>%® 256Ax; x 64Ax, discrete grid points
are employed in this work with periodic boundary conditions
applied along x; axes, where Ax; = Ax, = 1.0 nm. The initial
surface morphology is described by the thin film thickness
h(x), which is described by a sinusoidal static plane wave

(a)
Gas: n,
Yy < .
ﬂf/ Film: n, \

Substrate: n,

Y13

h(x) = ho psin(kx + ¢) (19)
where A, is the initial average thin film thickness, f is the
amplitude, & is the wave number, and ¢ is the initial phase of
the plane wave. In this work, we assume f =5 nm and k = 2w/
32Ax4.

Fig. 1a illustrates a classical schematic model of the
Iny 3Gay 7As thin film heterogeneous nucleation on the GaAs
substrate. The gas, thin film and substrate phases are
separated by the interface between any two of them.
Different surface morphology can be obtained by changing
the initial average thin film thickness %, in eqn (19). The
typical stable surface morphologies of In,;Ga, ,As for hy = 5
nm, 7 nm, 12 nm are shown in Fig. 1b-d, respectively. All the
calculations are taken by 1000 time steps with a time step for
integration of A¢ = 0.1. At a relatively small average thickness,
ie., hop = 5 nm, the thin film structure is not stable and evolved
to the nanodot structure in order to relax the intrinsic strain,
as seen in many previous theoretical and experimental
works.?” With the increase in the average thickness, the layer
strain can be relaxed as the elastic energy density is reduced
due to the volume of thin film increases and fewer interfaces
are introduced. The morphology of the thin film will exhibit a
nanohole-like structure (Fig. 1c), and eventually generated a
relatively flat thin film at a high average thickness (Fig. 1d).

(c) |

(d)

Fig. 1 (a) The schematic of a thin film deposited on the substrate. (b—d) Ing3GagAs thin film grown on GaAs substrate with the hg = 5, 7, 12 nm, respectively.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 The root-mean-square roughness and the mean height of the Ing3Gag;As nanodot/thin film surface, as a function of initial average film thickness ho.

The residual strain has a strong influence on the film
surface morphology, especially surface roughness. Therefore,
we use surface roughness as criterion to evaluate the quality of
the ‘“as-grown” films. In order to describe the surface
roughness of a solid thin film, the most common statistic
used is the root-mean-square (RMS) roughness, which is
defined as,*®

RMS=\/<[h(x)— 7] (20)
where & is the mean height of the thin film surface. In the
phase field model, we suggest the distance between the point
where 1, =1, = 0.5 and 5, = 3 = 0.5 as the height of the surface.
The RMS roughness and the mean height of the nanodot/thin
film surface for different %, are plotted in Fig. 2. With the
increase of h,, we observed an initial increase in the RMS
roughness. At this stage, the surface morphologies perform as
nanodot structures, with more and more nanodots generated
due to the increase of the h,, which induced the increase of the
RMS. When £/, exceeds 5 nm, the RMS starts to decrease,
which is due to the generation of the nanohole structure and
the shrinking of all the interfaces. If the 4, is larger than 8 nm,
only a thin film structure was observed. Thus we obtained
relatively small RMS for thin films, and we observed minor
changes of the RMS for the thin film structures if we
continued to increase the %,. For comparison, it is reasonable
that the mean height of the thin film/nanodot structure is
linearly proportional to the A,.

3976 | RSC Adv., 2013, 3, 3973-3980

In order to decrease the RMS roughness on the top surface
of the Iny3Gay ,As thin film, a step graded In,Ga,_,As buffer
layer is added between the In,;Ga,y;As thin film layer and
GaAs substrate. To obtain optimized buffer structure for
Iny3Gag7As thin film, four types of different buffer layer
systems are suggested in this work. The schematic of the four
designed buffer layer structures are shown in Fig. 3. Type Iis a
single 1Ing;5GaggsAs buffer layer. In Type II, we used
Iny,GapoAs and Iny,GaygAs bi-layer buffer structure. For
Type III, a composition buffer structure of IngooGaggiAs/
Ing.18Gag g2AS/INg ,,Gag 73As is employed. As for Type 1V, its

Ing2GaggAs / 10nm

|n0_15630A85AS / 10nm Ino.1GagsAS / 10nm

(a) (b)

Ing33Gag7As / 10nm
Ing27Gag 73As / 10nm Ing27Gap73As / 10nm
Ing18Gag s;As / 10nm Ing15Gag g,As / 10nm

INg.00Gag.g1As / 10nm Ing.09Gagg1As / 10nm

(©) (d)

Fig. 3 (a—d) Four types of designed epitaxial buffer layer structures.

This journal is © The Royal Society of Chemistry 2013
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buffer structure is based on Type III, with an additional layer
with higher composition on the top of Type III buffer stacking
structure. For each In,Ga,_,As layer with a certain x value, its
thickness is set as 10 nm. We then perform the same
procedure as described in Fig. 2, only to find that a further
increase in thickness of each individual In,Ga;_,As layer
doesn’t bring up a smoother surface. In other words, 10 nm
thickness of each individual In,Ga;_,As layer is sufficient to
release the strain from its bottom layer.

For calculations we used the linear approximation to
estimate the buffer layer elastic coefficient and lattice
parameter, which are shown in Table 1; the in-plane
eigenstrain for the thin film layer is

0( ) _ Afn,Gay_ As — Asub

e (r 21
Asub ( )

ij

where ¢;°(r) is the eigenstrain in the In,Ga;_,As thin film. In
our current model, as only three order parameters are

View Article Online
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introduced, we assume that the Iny;Ga,-As thin film was
fully commensurately grown on the substrate or the top layer
of the buffer structures, thus the eigenstrain for no buffer
layers and type I-IV buffer layers can be calculated from eqn
(21).

Fig. 4(a-e) shows the surface morphology (left) with the
strain distribution (right) in the thin film for no buffer layers
and type I-IV buffer layers. The simulated surface morphol-
ogies show typical sinusoidal wave shapes. We observed a
decrease in the magnitude of the strain in the thin film with a
division of buffer layers. The calculated eigenstrain and the
influence of the designed buffer layer structures induced
strain relaxation on the surface RMS roughness are summar-
ized in Table 2. Compared to the In,3Ga, ,As thin film grown
on a GaAs substrate without buffer layers, the RMS roughness
for the thin film with a single buffer layer (Type I) obviously
decreases from 0.936 nm to 0.662 nm due to the strain
relaxation. From the observed simulation results, we can see
only a minor difference of RMS roughness between employing

LUEUEULUe
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-
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Fig. 4 The surface morphology (left) with the strain distribution (right) for the Ing 3Gag 7As thin film deposited on the GaAs substrate (a) with no buffer layers and (b—
e) with four types designed buffer layers in Fig. 3. (a—d) show compressive strain throughout each individual heterostructure. (e) shows the compressive strain is
partially balanced by the tensile strain caused by the uppermost two layers of this heterostructure.

This journal is © The Royal Society of Chemistry 2013
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Table 2 Results from both phase field simulation and crystal growth for Ing 3Gag 7As films grown on GaAs substrates with no buffer and four types of designed buffer

layer structures

No buffer Type 1 Type 1I Type IIT Type IV
Eigenstrain calculated from phase field model 0.0221 0.011 0.0073 0.0022 —0.0022
RMS from phase field simulation (nm) 0.936 0.662 0.636 0.511 0.398
RMS from crystal growth (nm) 3.0 2.1 1.8 1.5 0.56
XRC FWHM from crystal growth (') 710 553 327 218 116

Type I (0.662 nm) and Type II (0.636 nm) buffer layer
structures. Considering the lattice mismatches between
Iny 3Gay ,As and the upper layer of Type I (Ing;5GaggsAs,
1.1% mismatch with In,3;Gay,As) or Type II (Ing,Gag gAs,
0.73% mismatch with Ing3Ga,,As) buffer layer structure, we
can claim that a division of the buffer structures have small
influence on the surface roughness if the lattice mismatch is
still relatively high. However, for Type III buffer layer structure
whose upper layer In,,,Ga,,3As has a much smaller lattice
mismatch of 0.35% with In, 3Ga, 7As, the surface RMS rough-
ness of Ing 3Ga, ;As sharply decreases to 0.511 nm. The further
reducing of the lattice mismatch shows its effect. A more
attractive phenomenon takes place in Type IV. As noticed, for
growth of In, ;Ga, ;As film, the upper layer (In, 33Gag 67As) of
the Type IV buffer layer structure shares the same lattice
mismatch (0.35%) with that (Ing,,Ga,;3As) of Type IIL
However, the Ing;Gay,As film grown on the Type IV buffer
layer structure exhibits apparently higher film quality than
that grown on Type III, with a surface RMS roughness of 0.398
nm vs. 0.511 nm. This is attributed to the difference in strain
distribution when employing the two types, as shown in Fig. 4.
When employing Type III for the growth of the In,;Ga, ;As
film on a GaAs substrate, each individual upper film has a
larger lattice constant than its lower layer, Table 1. It indicates
the whole heterostructure is under compressive strain. On the
contrary, if Type IV is employed, when keeping the same small
lattice mismatch as Type III, the compressive strain in this
heterostructure is partially balanced by the tensile strain
caused by the uppermost two layers of In,;Gay ,As grown on

top of Iny 33Gay 67AS, which results in a better film quality, here
in appearance, and a smoother surface.

Crystal growth

In order to verify the results from our phase field simulation,
we have grown Ing;Ga,,As/In,Ga;_,As buffer layer/GaAs
heterostructures with those four artificially designed buffer
layer structures in Fig. 3 using molecular beam epitaxy (MBE).
GaAs (001) substrates are ultrasonically cleaned in chemicals
and deionized water to remove surface contaminations and
then dried by 7N nitrogen before being put into the MBE load-
lock chamber with pressure 3.2 x 10~ Torr where the
substrates are degassed for about 1.5 h. The substrates are
then transferred into the high vacuum MBE growth chamber
at a pressure of 2.0 x 10~ ° Torr and annealed at 680 °C for 15
min with As molecular beam protection to further remove
surface oxidized layers. The growth of In,Ga;_,As films with
various x values is subsequently conducted by adjusting the
substrate temperature and the ratios among In (7N), Ga (7N)
and As (7N) sources. Eventually, four 100 nm thick In, 3Ga, ;As
films with those designed buffer layer structures in Fig. 3 are
grown, respectively.

The as-grown In, 3Ga, ,As films are characterized by atomic
force microscopy (AFM) and X-ray diffraction (XRD) to evaluate
surface roughness and crystallinity, respectively. Fig. 5a and b
show the results from the as-grown In, 3Ga, ;As film with the
buffer structure of Fig. 3d. More detailed results for as-grown
Iny 3Ga, sAs films with the four different designed buffer layer

(®

Intensity (arb. unit)

-100 0 100 200
NG)

-200

Fig. 5 Characterisation results for Ing3Gag;As (001) film epitaxially grown on GaAs (001) substrate using Type IV buffer layer structure. (@) AFM, RMS = 0.56 nm; (b)

X-ray rocking curve, FWHM = 116"".
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structures are listed in Table 2. Ing;Gay ,As film with Type I
buffer layer structure exhibits the highest surface roughness of
3.0 nm, and In, 3Ga, 7As film with type IV buffer layer structure
has the lowest surface roughness of 0.56 nm. Although the
surface roughness from the as-grown films is larger than that
from phase-field simulation, the changing tendencies among
these four samples matches well between the crystal growth
and the simulation. The crystallinity measurement results
from XRD are also consistent with this tendency, with type I
buffer layer structure showing the lowest crystallinity, and type
IV the best. All these experimental results from crystal growth
verify the effectiveness of our proposed approach to design
buffer layer structures using phase-field simulation. It should
be noted that the surface RMS roughness and the full width at
half maximum (FWHM) from X-ray rocking curve (XRC) of the
as-grown In, 3Gag ;As film with Type IV buffer layer structure
are as low as 0.56 nm and 116?, respectively, which indicate
very high film quality compared with those reported values for
In, 3Gag ,As film.> 29731 It once again confirms the following
two points. First, the proposed phase field simulation is
effective to design buffer layer structure for epitaxial growth of
Iny3Gap;As on GaAs. Second, the proposed optimal buffer
layer structure of Type IV as shown in Fig. 3d is efficient to
obtain a high quality In, 3Ga, ;As film on GaAs.

However, one can still observe some discrepancies between
the model and experimental data. The first observation is that
there are distinct differences in the magnitude of the RMS
roughness between the simulation results and the experi-
mental works, Table 2. The simulation results predict a
relatively small surface roughness (<1.0), however, the
experimental RMS roughness varies from 0.5-3.0. Please note
that some natural factors are not included in our current
model. Firstly, the model only contains three order para-
meters, which introduce three interfaces between the gas, the
thin film, and the substrate. When a buffer layer is inserted or
a division of buffer structure is employed, the In, ;Ga, ;As thin
film is assumed to fully commensurately grow on the top layer
of the buffer structures. This leads to the varying degrees of
eigenstrain in the thin film layer, but the interfaces in the
buffer layers are not addressed at the moment. Actually, the
interfaces in the buffer structures can reduce the surface
roughness by shape changing and interface motion due to
diffusion. Secondly, our model doesn’t include any crystal
defects. The effects of defects on the morphology instabilities
can induce an increase in the RMS roughness. To introduce
defects into the model will be the focus of our future work.

Based on the theory, the magnitudes of eigenstrain in the
thin films of Type III and Type IV are the same, which induces
similar surface RMS roughness in simulation. However, in
experimental works, Type IV supplied a much smoother
representation of the surface compared to Type III. When
employing Type III for growth of In,;Gay,As film on GaAs
substrate, each individual upper film has a larger lattice
constant than its lower layer, Table 1. It indicates that the
whole heterostructure is of compressive strain. On the
contrary, if Type IV is employed, when keeping the same

This journal is © The Royal Society of Chemistry 2013
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small lattice mismatch as Type III, the compressive strain in
this heterostructure is partially balanced by the tensile strain
caused by the uppermost two layers of In,3Ga,,As grown on
top of In, 33Gao 67AS, which results in a better film quality; here
in appearance, a smoother surface. In simulation, on the
contrary, the phase field model assumes that the In, ;Ga, ;As
thin film grown on the top layer of the buffer structures is fully
commensurate. Therefore, it is not surprising that similar
RMS roughness was received for Type III and Type IV in
simulation.

Conclusion

A phase field model is developed to simulate the In,;Gag ;As
thin film grown on the GaAs substrate with different buffer
layer structures. The surface morphology, RMS roughness and
the mean height of nanodot/thin film structures are studied in
detail. The mean height of the thin film is linear to the initial
average thickness A, in the model. It is shown that the RMS
roughness increases at a relatively small %,, then the surface
roughness decreases with a further increase in the average
thickness and eventually kept constant and a flat thin film
generated.

To obtain a high quality In,3;Ga,,As epitaxial film on a
GaAs substrate, four types of step graded In,Ga;_,As buffer
layer structures are designed. Using the newly developed phase
field model, an optimal step graded In,Ga;_,As buffer layer
with four sub-layers of x = 0.09, 0.18, 0.27, and 0.33 is then
found. The strain distribution analysis using the phase field
model reveals that the compressive strain in this optimal
heterostructure is partially balanced by the tensile strain
caused by the uppermost two layers of In,3Gag,As grown on
top of In 335Gy 67AS, which leads to a high quality In, 3Ga, ,AsS
film.

The subsequent crystal growth of In, 3Ga, ,As films on GaAs
substrates using these four designed buffer layer structures
reveals that both the surface roughness and the crystallinity
from the as-grown In, 3Ga, ;As films share the same tendency
with our phase-field simulation. Particularly, the surface RMS
roughness and the XRC FWHM of as-grown In, ;Ga, 7As film
with the optimal buffer layer structure are as low as 0.56 nm
and 1162, respectively, indicating very high film quality. These
experimental results demonstrate the high effectiveness of our
proposed approach to design a buffer layer structure using our
newly developed phase field model.

In the procedures of simulation, some factors such as
defects in films are ignored. Meanwhile, there might be also
factors that we think unimportant that have not been taken
into account. Accordingly, the model in this work is not perfect
when compared with the actual epitaxial growth. But never-
theless, the simulation represented in this work helps us
better understand the intrinsic mechanism of the strain
relaxation by the multi-layered thin film structures and
improve the thin film quality of In,3Gay;As grown on GaAs
with optimized design of the composition graded buffer layers.
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This phase field model should be able to extend to hetero-
epitaxial growth of other material systems apart from InGaAs.
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